Most tropical bird species have narrow elevational ranges, likely reflecting climatic 25 specialization. This is consistent with Janzen's Rule, the tendency for mountain passes 26 to be effectively 'higher' in the tropics. Hence, those few tropical species that occur 27 across broad elevational gradients raise questions. Are they being sundered by 28 diversifying selection along the gradient? Does elevational movement cause them to 29 resist diversification or specialization? Have they recently expanded, suggesting that 30 elevational generalism is short-lived in geological time? Here we tested for 31 differentiation, movement, and expansion in four elevational generalist songbird species 32 on the Andean west slope. We used morphology and mtDNA to test for genetic 33 differentiation between high-and low-elevation populations. Morphology differed for 34
to Janzen's Rule because they encounter a broad range of climatic conditions. We offer 79 three non-mutually exclusive explanations for the existence of these broad elevational 80 ranges at tropical latitudes. The first explanation is that genetic fit with the environment 81 is facilitated by cryptic population genetic structure (Milá et al. 2009 (Milá et al. , 2010 ; such 82 structure can be either genome-wide or limited to functional loci that may be subject to 83 natural selection that is strong enough to overcome the homogenizing effects of gene 84 flow. A second possible explanation is that individuals make elevational movements to 85 track resources; such movement could prevent specialization by inhibiting spatially 86 variable selection and the isolation of subpopulations along an elevational gradient. A 87 third possible explanation is that population expansion across elevational gradients 88 occurs periodically, but the resulting mismatch between genes and environment leads 89 to subsequent specialization via range contraction or genetic differentiation. Tests of 90 these mechanisms could help explain the rarity of tropical elevational generalism. 91
Several studies suggest that bird species can diversify along elevational 92 gradients (McCormack and Smith 2008, Brumfield 2009, Milá et al. 2009, 93 McCormack and Berg 2010, Galen et al. 2015) . Whether this diversification can lead to 94 speciation without cessation of gene flow is uncertain, but it is theoretically possible 95 (Hua 2016) . While hypoxia, cold temperatures, and high UV exposure associated with 96 high elevations are known to cause rapid evolutionary emergence of novel phenotypes 97 (e.g. Beall et al. 2010 , Simonson et al. 2010 , Galen et al. 2015 , homogenizing gene 98 flow between high and low populations is expected to inhibit functional divergence and 99 speciation (Rundle and Nosil 2005) . Differentiation with gene flow has been shown 100 under some circumstances (e.g. Kirkpatrick and Barton 1997, Milá et al. 2009, 101 Gutiérrez-Pinto et al. 2014, Benham and Witt 2016), but gene flow generally limits the 102 extent of local adaptation. For example, Benham and Witt (2016) found that the degree 103 of hummingbird bill size differentiation across a climatic gradient was constrained where 104 habitats were contiguous. For sedentary elevational generalists, selection that varies 105 along elevational gradients should lead to differentiation between high-and low-106 elevation populations at functional loci (Storz and Kelly 2008, Natarajan et al. 2015) . 107
The latter process can lead to speciation if functional alleles have pleiotropic effects on 108 reproductive isolation (Hua 2016) . Discontiguous habitat along an elevational gradient 109 could facilitate functional and neutral divergence via isolation. Alternatively, elevational 110 movements could directly hinder such divergence. 111
Elevational migration comprises short-distance movements to track elevation-112 specific resource pulses that are important for reproduction (Loiselle and Blake 1991, 113 Johnson and Maclean 1994, Boyle 2017 ). It has been documented in numerous animal 114 species (Hunt et al. 1999 seasonal movements, they may be able to track resource pulses or temperature niches 118 (Boyle 2017), but individuals would also experience variable air density, PO 2 , and UV 119 radiation that vary predictably with elevation during all seasons (West 1996) . These 120 individual movements would reduce the spatial variability of selection and facilitate gene 121 flow that inhibits elevational divergence (Arguedas and Parker 2000) . Despite the 122 dramatic elevational gradients of the New World tropics, previous studies in the region 123 7 have found limited evidence of elevational migration, and most elevational movements 124 that have been documented are small in magnitude (Hobson et al. 2003 Hardesty and Fraser 2010, , Villegas et al. 2016 . In contrast, partial or 126 full elevational migration may be more common at temperate and subtropical latitudes in 127 the Andes (e.g., Newsome et al. (2015) ). Remarkably, the frequency and extent of 128 elevational migration for most tropical Andean bird species remains unstudied, 129 especially in small-bodied passerine species for which satellite-tracking technologies 130 have yet to be applied. 131
Hydrogen isotope (d 2 H) values of bird tissues can be used to characterize 132 latitudinal and elevational movements , Bowen et al. 2005 ). The d 2 H of 133 precipitation varies predictably with respect to a variety of physicochemical processes 134 (Dansgaard 1964 , Estep and Dabrowski 1980 , Estep 1981 , Rubenstein and Hobson 135 2004 . As water vapor rises on the windward side of a mountain range, it cools and 136 condenses, and water containing the heavier isotope of hydrogen (deuterium) is the first 137 to condense. This produces a systematic relationship between elevation and d 2 H of 138 local precipitation, resulting in lapse rates of 4 -8‰ per 100 m (Poage 2001 
Morphometric analyses 167
To test for genetic differentiation across the elevational range at the loci underlying 168 functional morphological traits, we compared sizes of four traits. For four focal species, 169 measurements between populations at high (>3000 m) and low (<1000 m) elevations. 171
We measured culmen, wing chord, tail, and tarsus from museum specimens listed in 172
Appendix 5. We used PCA to visualize the morphometric data, and MANOVA or non-173 parametric Kruskal-Wallace tests to compare high and low groups. data from high-elevation (>3000 m) and low-elevation (<1000 m) specimens listed in 184 Appendix 7. We tested for elevational population genetic structure by estimating Fst and 185 F st between elevational zones using Arlequin v3.5 (Excoffier and Lischer 2010) . 186 187
Stable isotope measurements 188
To test for elevational movements, we used mass spectrometry to measure d 2 H from 189 liver, contour feathers, and secondary flight feathers from museum specimens of our 190 four focal taxa that were collected over the last decade on the west slope of the Andes be influenced by the date of sampling, which is captured in our models by d 2 H month . 229 d 2 H feather values are expected to vary with elevation of capture in sedentary birds, but not 230 in migratory ones that often will have shifted in elevation between the date of molt and 231 the date of sampling. Conversely, liver tissue is metabolically active so d 2 H liver should 232 reflect both seasonal (d 2 H month ) and elevational variation in precipitation d 2 H, regardless 233 of whether the bird is sedentary or migratory. Thus, regardless of the date on which a 234 bird was collected, liver d 2 H values should be predicted in part by seasonal fluctuations 235 in precipitation d 2 H, which are reflected in our models as d 2 H month . 236 relationship between tissue d 2 H and elevation. If elevational migration occurs, we expect 238 that any correlation between d 2 H and elevation of capture would be diminished in 239 metabolically inert tissues, and potentially also in metabolically active ones. Because 240 elevational migrant species are less likely to have grown feathers at the elevation of 241 capture, we expect d 2 H values for inert feathers to lack a trend with elevation of capture. with raggedness expected to be elevated under a stable population relative to an 262 expanding one (Harpending 1994) . We inferred population expansion when both 263
Tajima's D and Fu's F were significantly negative and there was no significant 264
raggedness. 265
Detailed methods are reported in the Supplementary Material, Appendix 1. Table S3 . Table S4 . 307
Wing length differed between elevations for S. magellanicus (χ 2 : 22.2, DF = 1, P = 308 <0.001); tail length differed between elevations for T. aedon (F: 6.7, DF = 1, P = 0.02) 309 (Table S4 ). We found no measurement differences between elevational groups for C. 310 cinereum or Z. capensis. The principal component analysis illustrates the overall 311 findings of morphological differentiation in S. magellanicus and T. aedon, but not in the 312 other two species (Fig. 3) . Fst and Fst statistics were only significantly non-zero for the comparison between high 322 (n = 31) and low elevation (n = 29) groups of Z. capensis ( Table 2) . Raggedness of 323 mismatch distributions was not significant for any of the four species ( Fig. 4) . 328
Discussion 330
Elevational movement, elevational genetic differentiation, and evidence of recent 331 population expansion occur to varying degrees in our four study taxa, suggesting that 332 each may play a role in causing exceptions to Janzen's Rule. Tissue d 2 H patterns 333 associated with elevational movement were observed in two species (C. cinereum and 334 S. magellanicus) that had no mtDNA population structure, only one of which (S. 335 magellanicus) showed morphological differentiation. Two other species showed isotopic 336 patterns associated with sedentary habits; one of those species exhibited mtDNA 337 population structure (Z. capensis) while the other exhibited morphological differentiation 338 (T. aedon). Three out of the four focal species showed signs of recent population 339 expansion by all three indices tested. In the following sections, we examine tissue d 2 H 340 patterns associated with elevational movement and we consider how differing 341 environmental processes might obscure or maintain these patterns. We delineate 342 subcategories of elevational generalists (sedentary and migratory) to illustrate potential 343 evolutionary consequences of short distance migration along environmental gradients. would be that the season of molt is more variable among individuals of the latter two 359 species, but there is no evidence for that in our molt data (Fig. S2 ), so we favor the 360 conclusion that S. magellanicus and C. cinereum are elevational migrants. Table 1 ). Elevation 366 of capture was included in the best models for d 2 H liver for all species except C. cinereum 367 (Table 1) , though elevation was significant only for Z. capensis (Fig. 1) . It is possible 368 that the lack of elevational trend in d 2 H liver for C. cinereum might have occurred due to 369 elevational movements within the weeks before sampling, but the generally modest 370 relationship between elevation and d 2 H liver may have other causes (see below). 371
Any seasonal variation in precipitation d 2 H that was not captured by our temporal 372 index (d 2 H month ) may have dampened the expected elevational trends in d 2 H liver . d 2 H month 373 provided an index of seasonal flux in precipitation d 2 H that was derived from three years 374 is possible that the Marcapomacocha data poorly represented seasonal fluctuations in 376 precipitation d 2 H at other elevations or in other years. Thus, future studies would greatly 377 benefit from the collection of additional precipitation d 2 H data along Andean elevation 378 gradients. Additional problems with interpretation of our models could have occurred if 379 sampling during the wet or dry season were concentrated at high or low elevation; 380 however, we consider these potential sources of bias unlikely to have driven our results 381 because our d 2 H data came from specimens that were collected across the entire 382 elevational gradient during both wet and dry periods for all species (Fig. 1, Fig. 2) . 383 384
Morphological and genetic differentiation 385
The division between sedentary and migratory modes of elevational generalism 386 reflected in tissue d 2 H patterns is likely mirrored in flight capabilities. Depending on 387 foraging strategies and local ecologies, sedentary birds are predicted to be less vagile 388 than their migratory counterparts, traits that should be reflected in the flight apparatus 389 (flight muscle size and hand wing index; Fig. S4 ) and foraging stratum (Table S1) . 390
Larger flight muscle mass, higher hand wing index, and less terrestrial foraging ecology 391 in C. cinereum and S. magellanicus relative to T. aedon and Z. capensis generally 392 support this dichotomy, although there was some overlap in hand-wing index in Z. 393 capensis-T. aedon/C. cinereum comparisons (Fig. S4 ) and flight muscle size between 394 C. cinereum and Z. capensis (Table S1 ; Fig. S4 ). 395
Differences in sedentary and elevational-migratory habits should be further 396 reflected in their respective levels of within-species population-genetic structure. Given 397 structure between high-and low-elevation populations. Conversely, migratory behavior 399 in elevational generalists should maintain or enhance gene flow, effectively washing out 400 any incipient population structure. We expect that tests for population level 401 differentiation within this two-mode framework will provide insight into the ecologies and 402 evolutionary trajectories of bird species that are elevational generalists. 403
Our morphological tests showed significant differentiation between high and low 404 elevation T. aedon in tail length ( Fig. 3 and S5) . A trend of larger appendages at higher 405 elevations has been previously reported in another Andean bird, the Torrent Duck 406 data, is in agreement with our hypothesis regarding the link between sedentary habit 408 and elevational genetic differentiation. In contrast, C. cinereum exhibited no 409 differentiation between high-and low-elevation specimens in the four characters we 410 measured. This lack of differentiation is consistent with our predictions for an elevational 411 generalist that is also an elevational migrant. S. magellanicus showed significant 412 morphological differentiation in wing chord length between high-and low-elevation 413 specimens. This morphological population structure conflicts with an isotopic pattern 414 indicating elevational movement. The larger wing-chord sizes at high elevation could be 415 the result of selection on wing-size that was strong enough to overcome gene flow 416 possibility is that the traits we measured exhibit high levels of phenotypic plasticity in 418 response to elevation-specific pressures, but we consider this possibility to be unlikely. 419
Phenotypically plastic traits could produce similar elevational patterns in the absence of To test for genetic differentiation, we analyzed ND2 or ND3 mtDNA sequence data from 427 all four species. Fst and Fst values confirmed previously reported population structure 428 between high and low elevation Z. capensis, corroborating a sedentary habit for this 429 species (Fig. 4) (Cheviron and Brumfield 2009 ). Fst and Fst values were not significant 430 for T. aedon, which was somewhat surprising considering the sedentary lifestyle 431 suggested by our isotopic and morphometric data. Analysis of b-hemoglobin gene 432 variation in T. aedon across the same elevational transect studied here found 433 substantial elevational population structure (Galen et al. 2015) . mtDNA analyzed here 434 was unstructured with respect to elevation, as were the vast majority of nuclear protein-435 coding genes analyzed by Galen et al. (2015) . As in T. aedon, mtDNA sequence data 436 from C. cinereum and the S. magellanicus showed no population structure between 437 high-and low-elevation groups. Moreover, the high prevalence of apparent range expansions among these elevational 454 generalists contrasts with previous findings for Andean cloud-forest specialist species; 455 haplotype frequency spectra consistent with population expansion were found in only a 456 small fraction of subpopulations for Thamnophilus caerulescens (Brumfield 2005) , 
